Using a magnetohydrodynamics numerical code that includes the description of density and pressure evolution and anisotropic thermal conductivity, it is shown that single-helicity states in the reversed-field pinch (RFP) configuration are obtained when the resistivity has a radial profile sharply increasing close to the wall. In contrast, a uniform resistivity produces multiple-helicity states. A radially increasing resistivity profile is determined in RFP experiments by the temperature difference between the plasma core and the wall. The results of the simulations presented in this letter are an indication that quasi-single-helicity states observed in experiments with high toroidal currents may be a consequence of the resistivity profile determined by the high temperatures reached in the plasma core in high-current discharges.
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Temperature evolution in a magnetohydrodynamics simulation of a reversed-field pinch M. Onofri, F. Malara and P. Veltri The reversed-field pinch (RFP) is a toroidal configuration used for magnetic confinement of plasmas in fusion machines [1, 2] . In the RFP most of the toroidal and poloidal magnetic fields are generated by currents flowing in the plasma and the configuration is sustained against resistive diffusion by a dynamo effect produced by magnetic field and velocity fluctuations due to the growth of magnetohydrodynamic (MHD) instabilities. The RFP configuration is characterized by a toroidal magnetic field at the wall that is reversed with respect to its direction in the core. The theoretical possibility of realizing the RFP configuration in the singlehelicity (SH) state [3, 4] , where the dynamo effect is provided by the growth and saturation of a single MHD mode, is important for plasma confinement because it results in well conserved magnetic surfaces, which ensure better confinement properties with respect to multiple-helicity (MH) states. In MH states, many MHD instabilities with different mode numbers are simultaneously present with comparable amplitudes and the superposition of different magnetic islands at different radial locations gives rise to a chaotic magnetic field, with poor confinement properties. Different experiments showed the existence of quasi-single-helicity (QSH) states, where a dominant mode is present together with small amplitude secondary modes [5] [6] [7] [8] [9] [10] . A reduction of energy and particle transport has been observed in QSH states with respect to MH states [11] [12] [13] . Recently, RFP experiments have shown, for increasing toroidal currents, a clear tendency of the plasma towards a SH state [14, 15] . The possibility of obtaining SH states is of considerable importance in order to achieve better confinement performances. Higher toroidal currents produce hotter plasmas, which correspond to a higher Lundquist number (the ratio of the resistive diffusion time to the Alfvén time). The persistence of the QSH states increases with the Lundquist number.
The ability of nonlinear three-dimensional MHD simulations to reproduce the essential properties of the RFP dynamics has been shown in several occasions. Different numerical codes, based on a simplified MHD model with constant density and pressure, were used to study the RFP configuration [16] [17] [18] . Numerical simulations showed the possibility of producing the RFP in SH and MH states. In such a model, a transition from SH states to MH states occurs when the Hartmann number H = (ηµ) −1/2 exceeds a value around 2000 [19] (η and µ are the dimensionless resistivity and viscosity, respectively). However, a reliable estimate of the viscosity in experiments is not available, so a direct comparison with simulations is not possible. Improving the numerical model used to study the RFP is important to obtain a better understanding of the conditions that are favourable to the formation of SH states. Numerical simulations of the compressible MHD equations including density and pressure dynamics have confirmed that a stationary RFP configuration can be established, where the dynamo effect produced by magnetic field and velocity fluctuations counterbalances resistive diffusion of the magnetic field [20] [21] [22] . Both SH and MH states are formed during the system evolution, but for values of H different from those predicted by simpler models. These simulations have also shown that with the inclusion of an anisotropic thermal conductivity it is possible to reproduce the different temperature behaviour observed in MH and QSH states. While in MH states the temperature is almost flat in the plasma core, in QSH states strong temperature gradients appear and a hot beanshaped structure is formed [14, 15] . Many simulations of the RFP were performed in the past by solving the MHD equations, neglecting density and pressure dynamics, with a resistivity profile sharply increasing near the wall [18, 23] . Such resistivity profile was used to take into account the resistivity dependence on temperature, resulting in a higher resistivity close to the edge, where the temperature is lower. In contrast, in our previous simulations including density and pressure dynamics, we used a uniform resistivity [21, 22] .
In this letter, the importance of a nonuniform resistivity in determining the RFP evolution towards a SH state is investigated for the first time with a MHD code including density and pressure evolution and anisotropic thermal conductivity. Two simulations are compared: in the first a uniform resistivity is used, while the second is performed with a resistivity with the same on-axis value, but with a radially increasing profile. An important difference is found between the two simulations: in the case of uniform resistivity a MH state is found, while in the case of radially increasing resistivity the system reaches a stationary SH state. This result shows how the resistivity profile, which is determined in experiments by the difference between the temperature in the core and at the wall, can strongly affect an important aspect of the RFP dynamics, namely the transition to SH states.
Because of limited spatial resolution, the resistivity used in simulations is much larger than in real experiments. In the simulations reported in [21, 22] , the equilibrium between the dynamo effect and resistive diffusion of the magnetic field is obtained after the toroidal flux has considerably decreased. Starting from a force-free configuration, the magnetic field is dissipated until a stationary state is formed, where a balance exists between dissipation and the dynamo effect. The toroidal field at the wall is constant and the dissipation of the toroidal flux causes an initial decrease in the reversal parameter F and an increase in the pinch parameter . [24] . This may be due to the excessively large resistivity used in the simulations, which causes a fast dissipation of magnetic toroidal flux. In the first simulation described in this letter, it is shown that decreasing the resistivity a stationary state is obtained with a larger toroidal flux and a pinch parameter closer to experimental values. In the second simulation, with a radially increasing profile, the stationary state is reached in a shorter time and with an even higher level of toroidal flux. The pinch parameter is 1.6, which is similar to experimental values [6] .
The numerical code solves the compressible MHD equations in cylindrical coordinates (r, θ, z), in dimensionless form, including density and pressure evolution with anisotropic thermal conductivity, as described in [22, 25] .
The magnetic field and density are normalized to typical values B 0 and ρ 0 , respectively, and the pressure p is measured in units of ρ 0 v 2 A . The radius a of the cylinder is used as a unit length scale and time is normalized to the typical Alfvén time τ A = a/v A , where v A = B 0 / √ 4πρ 0 is the Alfvén velocity. The numerical code uses a pseudospectral method in the periodic directions (θ and z), sixth-order finite differences in the radial direction and an explicit third-order Runge-Kutta time scheme. The spatial resolution and the number of Fourier modes are the same as in previous works [22, 26] .
Boundary conditions are imposed assuming that the plasma is bounded by a rigid wall acting as a perfect conductor, with constant temperature [21, 22] .
No-slip boundary conditions are imposed on velocity. The current density J θ and J z vanish at the conducting boundary, except for the m = 0, n = 0 mode. For the (0, 0) mode the conditions imposed at the boundary are constant poloidal magnetic field, which corresponds to a constant toroidal current, and constant toroidal magnetic field, which is obtained with the external toroidal field coils. As the initial state, a force-free equilibrium magnetic field has been chosen [27] . The initial density and pressure are uniform, with ρ = 1 and p = 0.05.
The first simulation has been carried out with the following parameters:
(1)
where η is ten times smaller than that used in [21, 22] , R is the aspect ratio, q(0) is the on-axis safety factor and κ ⊥ is the perpendicular thermal conductivity. The large parallel thermal conductivity that is present in a magnetized plasma has the effect of making magnetic field lines approximately isothermal and it has been simulated with the method described in [21, 22] using a multiple-time-scale analysis [28] . The initial equilibrium is perturbed by exciting a few modes close to the most unstable one. In the second simulation the same parameters are used, but the resistivity profile is given by [18, 23] :
with η(0) = 10 −4 and 0 r 1. Figure 1 shows the time evolution of the magnetic energy of the most energetic modes, obtained in the simulation with uniform resistivity. In the linear phase, the m = 1, n = −8 mode is the most unstable, but after t 50 its energy starts to decrease and the m = 1, n = −10 mode becomes the most energetic. At later times, the nonlinear evolution shows a continuous exchange of energy among the different modes, so that the most energetic mode changes with time. Different modes of comparable energy are simultaneously present and the configuration is in a MH state.
The time evolution of F and is shown in figure 2 . In the beginning of the simulation, the reversal parameter F decreases due to a decrease in the toroidal flux, until the toroidal field generated by the dynamo effect compensates the resistive dissipation. In the stationary state, the energy of the fluctuations is below 10 −2 , (figure 1), similarly to what happened in the simulation described in [22] , with η = 10 −3 . This implies that the efficiency of the dynamo effect is similar, but the resistive diffusion of the large scale magnetic field is weaker in the present simulation, so that a balance between resistive diffusion and dynamo effect is established at higher levels of toroidal flux. At the end of the simulation, the pinch parameter is 2.65, while in the simulations described in [22] , with a higher resistivity, we found 4.5. Usually, in RFP discharges the pinch parameter is around 1.5 [6] , although, in particular conditions, RFP configurations with > 2 have been obtained [29] . Such deep-reversal configurations are characterized by a low level of fluctuations. Figure 3 shows the time evolution of the energy of different modes obtained in the simulation with nonuniform resistivity. The behaviour in the linear phase is similar to that observed in the first simulation, but later the m = 1, n = −10 mode saturates at a higher level, while the energy of the other modes decreases. This leads to the formation of a stationary SH state, which lasts for the entire duration of the simulation. The energy of the dominant mode is about 10 −1 , that is about one order of magnitude higher than the energy reached in the previous case by the most energetic modes. Such higher energy of the dominant mode provides a more efficient dynamo effect and a stationary state is formed in a shorter time and with higher toroidal flux, as is visible in figure 4 , where the time evolution of F and is shown. A stationary state is reached with a larger toroidal flux than the initial condition and the pinch parameter is 1.63. In high-current experiments a new class of QSH states has been found. When the amplitude of the dominant mode becomes large enough, the separatrix X-point of the dominant mode magnetic island disappears and the island O-point becomes the only magnetic axis [15] . These singlehelical axis (SHAx) states are characterized by improved confinement properties. The SH state found in the simulation with nonuniform resistivity is a SHAx state, as it can be seen from the Poincaré section of magnetic field lines of the dominant mode, shown in figure 5 .
The same resistivity profile used in previous works with constant density and pressure has been used in the present simulation in order to investigate the importance of a nonuniform resistivity in determining the evolution of the system when density and pressure dynamics are taken into account. However, with the code used for the present simulation, a description of temperature becomes available, so the possibility of using a resistivity that is a function of temperature should be investigated in future works. Comparing the numerical results obtained with uniform and nonuniform resistivity we find that the resistivity profile is important in the formation of SH states in the RFP. The two simulations described in this letter have been performed with the same Hartmann number and they show the formation of both SH and MH states, depending on the radial resistivity profile. This result is in contrast with earlier simulations, based on a simplified MHD model with constant density and pressure, which suggested that the transition between MH and SH states is controlled by the Hartmann number. In contrast, our results indicate that the experimental finding that the QSH state is more frequently observed for increasing currents may be due to the fact that high-current discharges produce higher temperatures in the plasma core, increasing the temperature difference between the core and the wall. Such increased temperature gradient determines in turn an increased resistivity gradient, which favours the formation of single helicity states. A correlation was noted between the Lundquist number and the QSH persistence, since higher Lundquist numbers correspond to hotter plasmas obtained at higher currents [15] . However, the results of the simulation described in the present letter indicate that the most important effect on the formation of QSH states in high-current RFP discharges is the increased resistivity gradient determined by a higher core temperature.
